The temporal changes in the expression of fibronectin and other extracellular matrix genes were studied in rat aortic rings incubated in vitro in a serum-free medium. Changes in all forms of fibronectin mRNA increased progressively during the 24-hour incubation period, although an increase in the alternatively spliced form of fibronectin designated EIIIA was most pronounced. Both collagen and elastin mRNA levels decreased markedly during the 24-hour interval, as did a-actin mRNA. The increase in the relative amount of the EIIIA isoform after a 24-hour incubation was also shown using ribonuclease protection assays. In situ hybridization showed the distribution of the induced fibronectin mRNA to be within all cell types, including endothelial cells, medial smooth muscle cells, and adventitial fibroblasts. Localization in the media was not uniform and was clearly identified mainly in clusters of cells distributed throughout the media. The early induction of fibronectin mRNA was inhibited by genistein, implicating tyrosine kinase activation as a causative factor in fibronectin expression. The in vitro changes reported may reflect a phenotypic change in vascular cell types that is both similar to and different from the changes reported in vivo under conditions in which vascular injury and repair occur. (Circ Res. 1993;73:689-695.) 
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KEY WoRDs * extracellular matrix * vascular smooth muscle cells * alternate splicing * tyrosine kinase A iteration in the extracellular matrix and accompanying intracellular changes in vascular cells have been shown to be associated with the changes common to hypertension and atherosclerosis.",2 It is generally accepted that interactions between extracellular matrix proteins and cellular receptors can transduce signals that lead to changes in shape, motility, and growth. 3 Fibronectin, an important component of the extracellular matrix, has been implicated functionally in the regulation of several cellular processes, including cell adhesion, migration, transformation, motility, and wound healing.4-6 By use of tissue culture techniques, fibronectin has been found to modulate the phenotype of vascular smooth muscle cells,3 regulate vascular smooth muscle cell growth,7 and influence the migration, adhesion, morphology, and proliferation of vascular endothelial cells. 8, 9 Fibronectin exists in several forms as a result of the alternative splicing of a single gene. The different isoforms are distinguished by the presence or absence of exon products and are designated in the rat as EIIIA, EIIIB, and V.10 Immunohistochemical studies have shown the presence of fibronectin throughout the vessel wall, and changes in aortic fibronectin content in experimental animals with atherosclerosis have been reported, suggesting that fibronectin may play a role in the pathogenesis of atherosclerosis.11-13 Glukhova et al14 showed that different alternatively spliced forms of fibronectin are selectively localized in the intima and media, and a selective accumulation of a specific isoform containing the EIIIA segment was detected in balloon-injured intima from rat aorta, in atherosclerotic plaques from human arteries, or in cultured vascular smooth muscle cells after a phenotypic change from a contractile to a synthetic phenotype. In separate studies, it has been shown that the alternatively spliced segments of fibronectin are expressed developmentally, with the EIIIA form appearing prenatally in both vascular smooth muscle and cardiac cell types and the expression subsequently diminishing in noninjured, adult, differentiated cells.'156 We have demonstrated that both mRNA and protein levels for rat aortic fibronectin increase in several forms of experimental hypertension17 and have shown that there is a selective induction of the isoforms containing the EIIIA insert with development of hypertrophy of both aorta and heart. '8-20 In two recent studies, we characterized an in vitro system for studying fibronectin biosynthesis using intact aortic rings from either the rabbit21 or rat. 22 We showed that fibronectin was made de novo, primarily in the media by vascular smooth muscle cells, and was incorporated into the extracellular matrix in a characteristic manner. Quantitative procedures for measuring immunoprecipitable fibronectin were developed, and the biosynthetic rates observed in vitro appeared to reflect changes in fibronectin expression induced by hypertension. 22 Furthermore, we reported that during the course of a 24-hour incubation period, both fibronectin biosyn-thesis and steady-state mRNA levels increased.' In the present study, we used rat aortic rings to characterize further the changes in fibronectin expression during in vitro incubation and also compared the changes in fibronectin to those of other extracellular matrix genes. 
Materials and Methods

Materials
Preparation ofAortic Rings
The procedures have been described in detail previously. 21, 22 In brief, aortas were removed from male Wistar rats, the rings prepared from five or six rats were randomized before being placed in separate incubation tubes, and incubations were performed in 10 mL DMEM supplemented with penicillin and streptomycin essentially as described previously.21t22
RNA Isolation and Analysis
Total RNA from aortic rings was isolated using the guanidinium thiocyanate/cesium chloride centrifugation method.23 RNA was separated through 0.8% agarose/ 1.4 mol/L formaldehyde gel electrophoresis, samples were then transferred to nylon membranes, and Northern blot analysis was performed as described previously. ' 7 Laser densitometry (model 3000A, Molecular Dynamics, Sunnyvale, Calif) was used to quantify the relative signal intensity of the bands obtained.
Ribonuclease Protection Assay
The general procedure followed was similar to that outlined in the instructions supplied with a kit developed by Ambion and described recently by us.'8-20 Each cRNA probe contained regions encompassing alternatively spliced exons and adjacent exons common to all forms of fibronectin. Thus, RNA samples produced a large and small protected fragment reflecting the presence or absence of the indicated region, and it was possible to quantitate the relative amount of those isoforms for each sample. The incubation media (Dulbecco's modified Eagle medium) was changed at 24-hour intervals for the prolonged incubations. Each lane contains 15 pg total RNA from a separate incubation ofaortic rings. Sequential hybridization using each of the designated cDNA probes was performed on the same nylon membrane. the rat a2 chain of type I collagen (pa2R2), for tropoelastin, and for ,B-actin were obtained from Drs D. Rowe,25 J. Foster,26 and S. Farmer,27 respectively. For in situ hybridization, fibronectin antisense mRNA was made from a cDNA-encoded 10th and 11th type I repeat of rat fibronectin (p-SR270) as described by ffrench-Constant et al. 28 This probe recognizes all forms of fibronectin, and the RNA obtained was 100 nucleotides in length and used without alkaline hydrolysis. The rat tropoelastin probe was made from cDNA given by Dr J. Foster containing 1100 nucleotides within the reading frame.26
In Situ Hybridization
In situ hybridizations were performed essentially as described by Sassoon et al. 29 After incubation, aortic segments were fixed in 4% paraformaldehyde overnight. After washing and dehydration, they were embedded in paraffin blocks, and 3to 5--gm slices were attached to gelatinized glass slides. Slides were then hydrated and pretreated with paraformaldehyde and proteinase K. Hybridization was carried out at 52°C for 16 hours in the hybridization buffer (50% deionized formamide, 0.3 mol/L NaCI, 20 mmol/L Tris, 5 mmol/L EDTA, 10 mmol/L NaH2PO4, 10% dextran sulfate, 1 x Denhart's, and 0.5 mg/mL yeast RNA) with probes at a final concentration of 35 000 cpm/gL. After hybridization, coverslips were gently floated in 5x standard saline citrate (SSC)/10 mmol/L dithiothreitol at 50°C and then washed at 65°C in 50% formamide/2x SSC/0.1 mol/L dithiothreitol. Slides were then rinsed with a washing solution (0.4 mol/L NaCl, 10 mmol/L Tris, and 5 mmol/L EDTA, pH 7.5), treated with RNase A (20 gg/mL) in the washing solution for 1 hour, and washed in 2 x SSC and 1 x SSC at 37°C. After dehydration, they were dried, dipped in Kodak NTB-2 emulsion, and exposed for 7 days. Development was performed with D19 developer at 16°C. Slides were counterstained with toluidine blue, and analysis and photography were performed using a Nikon Optiphot 2 system.
Statistical Analysis
Results of Northern blot analysis and ribonuclease protection assays were expressed as mean--SEM for each sample. Comparisons were made using a one-way analysis of variance with Scheffes F test. Statistical significance was set at P<.05.
Results
In a recent study, we showed that aortic rings could be incubated in vitro under defined conditions and remain metabolically viable for several days.'9 Under such conditions, we noted a selective increase in fibronectin biosynthesis after a 24-hour incubation period, and this increase was accompanied by an increase in steady-state mRNA for fibronectin. Those studies were extended to include alternatively spliced forms of fibronectin and other extracellular matrix components. Fig summarizes Northern blot analysis of total RNA from aortic rings incubated for different times. Each lane contains RNA from a separate incubation tube. cDNA probes for specific alternatively spliced exons of fibronectin were used, as well as a probe for fibronectin that would recognize all forms. Additionally, cDNA probes for tropoelastin, collagen, and actin were included in the multiple hybridizations performed on the same nylon membrane. Fibronectin mRNA increased after 24-hour incubation and remained elevated throughout the 72-hour incubation period. The EIIIA form of fibronectin mRNA appeared to increase to a greater extent than the other isoforms. When experiments such as those shown representatively in Fig 1 were combined with other experiments using a 24-hour incubation time, the relative increase in total fibronectin was 3.97±0.93 (mean±SEM, n=8). For the EIIIA isoform, the relative increase in mRNA after a 24-hour incubation was 14.3±3.2 (n=9). In comparison, the EIIIB and V segments increased between 1-and 2.2-fold in four separate experiments, and the differences were not statistically significant.
More dramatic was the almost complete suppression of mRNA for tropoelastin and collagen, representing 2 kb) recognizes a-actin (1.8 kb) mRNA and indicated a marked reduction in a-actin mRNA after 24 hours, although there was little change in fl-actin. These changes persisted between 24 and 72 hours of incubation. The yield of RNA from aortic rings after prolonged incubation was comparable to that from freshly prepared aortic segments (approximately 40 gg RNA/70 mg wet wt), and the quality was excellent, as judged visually after ethidium bromide staining. In a series of separate experiments, Western blot analysis was performed on fibronectin extracted from the unincubated or incubated aortic rings using methodology previously described.22 No quantitative change in the amount of immunodetectable fibronectin was observed as a result of 24-hour incubations (data not shown).
To confirm the selective induction of EIIIA isoforms, RNase protection assays were performed (Fig 2) . The cRNA probes used for these assays included regions contained within the alternatively spliced exons. These also contained adjacent type sequences that were common to all forms of fibronectin, thereby permitting the visualization and quantitation of the relative amount of fibronectin mRNA containing the exon in question (+) and the total amount of fibronectin mRNA (-). There was uniformly more fibronectin mRNA after incubation, both total and the forms transcribing alternatively spliced exons, consistent with Northern blot analysis. The calculated percentages of fibronectin transcripts containing either EIIIA and EIIIB increased from 10.4±1.70% (n=3) and 24.3±1.97% (n=3), respectively, with no incubation to 27.5±3.85% (n=4) and 34.5 ±2.33% (n=3), respectively, after 24 hours of incubation. The increase in the percentage of the EIIIA and not the EIIIB transcript was statistically significant. Comparable values for the V insert were from 37.8-0.55% to 38.5±0.64%. Thus, incubation of aortic rings led to an increase in the relative amount of fibronectin mRNA containing EIIIA. Fig 3 is a Northern blot showing in more detail the changes that occur during the initial 24-hour incubation. There was a progressive increase in fibronectin mRNA, more obvious with the EIIIA isoform, and changes could be readily detected by 6 hours of incubation. The decrease in collagen and elastin appeared to occur primarily between 6 and 24 hours of incubation, whereas the disappearance of signal for ca-actin was more rapid. In separate experiments (data not shown), pretreatment of the rats with heparin to avoid blood clot formation during dissection caused no marked change in the normal response shown in Fig 3, nor did the addition of polymyxin B (10 gg/mL), making it unlikely that either growth factors released from a blood clot during dissection or endotoxin contamination causes fibronectin expression to change during in vitro incubation. Furthermore, addition of cycloheximide did not influence the early induction of fibronectin mRNA. Thus, the data in Figs 1 through 3 show temporal changes in steady-state mRNA levels for several genes normally expressed in vascular smooth muscle and a selective induction of an alternatively spliced form of fibronectin. These findings suggest that a phenotypic change of smooth muscle cells occurs during the initial 24-hour incubation. To localize the expression of fibronectin in the aorta to specific cell types, in situ hybridization was performed. Fig 4A through 4D shows dark-field images of in situ hybridization for aortic rings either not incubated or incubated for 24 hours in serum-free medium in vitro. Antisense mRNA probes for fibronectin and tropoelastin were used. The probe used to detect fibronectin hybridized to all alternatively spliced forms. Before incubation, fibronectin mRNA was difficult to detect throughout the aortic sections ( Fig 4A) , whereas after incubation, the signal was apparent both in the intima and media. The distribution was somewhat patchy in the media (Fig 4B) , being absent in some regions, and reasonably intense in adjacent clusters of medial smooth muscle cells. Fibronectin mRNA also appeared concentrated near the endothelial cells and the innermost layer of medial smooth muscle cells. In marked contrast to fibronectin, tropoelastin mRNA was uniformly distributed throughout the media in unincubated rings ( Fig  4C) and essentially absent from adventitial cells and showed no focal distribution either in the intima or media. The signal for tropoelastin was clearly diminished after 24 hours of incubation (Fig 4D) , which was consistent with the data obtained from Northern blot analysis. We have observed that when aortic tissue was obtained from animals perfused with glutaraldehyde under normal pressure (90 to 100 mm Hg), then dissected, and processed for in situ hybridization, the Incubation Time (h) 0 6 10 24 er_,,S.:. _ _4 * S -_ signal for fibronectin was stronger than when the tissue was dissected in vitro before fixation. Fig 4E shows a representative dark-field image of a section from a normal rat aorta that was perfusion-fixed. The signal for fibronectin was patchy in the media, with some preferential localization near the intima analogous to what was observed after incubation in vitro, although in no case was the signal ever as intense as was obtained after in vitro incubation. The major observations were that the distribution of fibronectin was nonuniform, appeared in all cell types, and clearly was induced after incubation in vitro. Comparable experiments were performed using a probe specific only for the nucleotides encoding the EIIIA region, and the distribution of the EIIIA containing mRNA was essentially identical to that shown in Fig 4B (data not shown) .
The experiments shown above document temporal changes in gene expression in the aortic rings that occurred simply by incubation in a serum-free medium. To initiate studies on the intracellular mechanisms that might mediate such changes, we studied the possible involvement of tyrosine kinase activation. Fig 5 shows the effect of genistein on the aortic ring incubations. Genistein lowered fibronectin steady-state mRNA levels in a dose-dependent manner but did not affect the other extracellular matrix genes. After a 24-hour incubation with 100 gmol/L genistein, there was a 72±2.1% and 60.3+12.9% inhibition of mRNA levels for EIIIA and total fibronectin, respectively (n-3). Since other studies have shown that, at the concentrations used in Either before or after 24 hours of incubation in serum-free medium, dissected and cleaned aortic rings were fixed with 4% paraformaldehyde and probed with fibronectin antisense mRNA or tropoelastin antisense mRNA. The probe for fibronectin recognized all alternatively spliced forms offibronectin. E is an in situ hybridization for fibronectin using aortic sections obtained from a control rat that was perfused with 4% glutaraldehyde before dissection of the aorta. F is an adjacent section stained with hematoxylin and eosin. The aortic lumen is oriented at the top of each photomicrograph. Original magnification xSO forA through D and xJOO for E and F. this experiment, genistein inhibited the tyrosine kinase activity of the epidermal growth factor receptor and v-src but did not affect protein kinase C, protein kinase A, or phosphorylase kinase,3031 the data suggest the involvement of tyrosine kinase in the expression of fibronectin.
Discussion
These studies have compared the changes in steadystate mRNA levels for fibronectin in rat aortic rings with those of other extracellular matrix components and have localized the distribution of mRNAs in the rat aorta. Fibronectin was shown to promote the modulation of cultured smooth muscle cells from a contractile to synthetic phenotype, presumably through the interaction with integrin receptors.4-6 This change in culture is often used as a paradigm for the changes thought to occur after vascular injury, when smooth muscle cells migrate and proliferate. Furthermore, there are analogies between the cellular events that occur after vascular injury and those that occur during wound healing, another process in which fibronectin has been implicated in a causative way.2832 Of particular interest was the selective increase we observed in the EIIIA isoform of fibronectin. Studies by Glukhova et al'1 showed that this isoform was also selectively induced in neointimal lesions after balloon injury in the rat, in human atherosclerotic lesions, and in cultured smooth muscle cells induced to change from quiescient to proliferative growth patterns. Both the EIIIA and EIIIB isoforms were expressed in rat aortic >"Genistein (pMN) FN tissue to a greater extent during early development than after the subsequent differentiation,'5 and a similar developmental pattern was reported for rat cardiac tissue, '6 in which the fetal isoforms were reexpressed in the young adult rat subjected to aortic coarctation. Interestingly, in situ hybridization studies suggested that most of the cardiac fibronectin was localized in the vascular cells within the heart. ' We also demonstrated a decrease in fibronectin expression in rat heart with aging20 and induction of ELIIA and EIIIB isoforms of fibronectin as well as total fibronectin in hypertrophic hearts caused by hypertension. 19 Recently, we found increased mRNA, immunodetectable protein, and synthesis of fibronectin in aortas from hypertensive rats.1722 Northern blot analysis of RNA from normotensive and hypertensive rats treated with deoxycorticosterone acetate/salt showed increased fibronectin expression, selective induction of the EIIIA isoform, and slight but consistent decreases in mRNA for collagen and elastin."' Thus, the vascular changes accompanying experimental hypertension were qualitatively similar to the changes reported in this study during in vitro incubation of aortic rings. Although unique functions for EIIIA containing fibronectin have not yet been found, the evidence shown in the present study and in the studies mentioned above are consistent with the selective induction of the EIIIA isoform being associated with a phenotypic shift in vascular smooth muscle cells to a synthetic phenotype during a response to injury. That general pattern of altered gene expression associated with a reappearance of embryonic forms has been documented'4"15,28 both in aortic and cardiac tissue with regard to several contractile proteins in which the isoforms are encoded by separate genes.33 It appears that the general concept can be extended to alternative splicing of a gene encoding an extracellular matrix protein.
The changes in fibronectin, collagen, elastin, and actin mRNA in the incubated aortic rings are consistent with a phenotypic change occurring in the vascular smooth muscle cell, generally considered to be the major source of elastin and collagen biosynthesis,3 and with fibronectin biosynthesis as well.21 Vascular smooth muscle cells have been shown to change from a synthetic to contractile state during development, and a reversal of that shift has been suggested to occur during the response to vascular injury.3 Many studies using cultured vascular smooth muscle cells simulated the phenotypic shifts thought to occur in vivo by stimulating quiescent cells to proliferate in response to either serum or selective growth factors.3 Decreased expression of collagen was shown to accompany the transition from quiescent to synthetic states. 34 An increase in a-actin invariably accompanies the in vivo transition from a dedifferentiated immature vascular smooth muscle cell to the differentiated form characterizing the adult animal,35,36 and decreased expression of ca-actin has been a hallmark of the change from the quiescent to the synthetic state in cultured cells.3 Thus, the changes we observed in vitro with intact aortic rings, although more exaggerated than those observed in vivo or with cultured cells, are consistent with a phenotypic shift to a less differentiated, potentially proliferative state.
The in situ hybridization data indicated that all cell types are capable of producing fibronectin after in vitro incubation and perhaps after vascular injury. By use of immunohistochemical techniques, fibronectin has been localized throughout the vessel wall in normal, injured,'4'32'37 or atherosclerotic arteries.1'3'4 Jensen et a137 found immunoreactive fibronectin in the subendothelial basal layer, along the internal and external elastic laminae, around and between the smooth muscle cells of the media, and along the collagen and elastic fibers in the adventitia of the normal rabbit aorta. We found the mRNA for the EIJIA-containing isoform and for the major portion of fibronectin mRNA moieties to be localized more prominently in the intima and adventitia but also distributed in a nonuniform pattern throughout the media after in vitro incubation. The presence of unique smooth muscle cell types in the adult rat aorta capable of selectively responding to growth stimuli has been suggested,38 and it is possible that the cells in the media selectively expressing fibronectin mRNA represent a similar cell subpopulation. Majesky et a138 recently reported the reexpression of a developmentally regulated phenotype in such a cell population during neointimal proliferation of injured carotid arteries in vivo. Although fibronectin was not studied in that report, a unique tropoelastin mRNA moiety that was not expressed in the normal media was induced and localized to the neointima of the balloon-injured rats. That change in tropoelastin mRNA expression differed markedly from those we found in vitro and may indicate a difference between the phenotypic changes occurring in vivo after balloon injury and the changes occurring in vitro in a nonproliferative situation.
Our findings with genistein suggest the involvement of tyrosine kinase in the expression of fibronectin, although the available data do not permit a distinction between humoral and mechanical stimuli to induce such changes. Activation of tyrosine kinase may be caused by the production, release, or activation of latent growth factors from aortic tissue and/or the alteration of receptor orientation triggered by the loss of tension that ensues when aortic tissue is removed from the animal. In aortic rings, the structural relations among vascular smooth muscle cells, endothelial cells, and extracellular matrix that exist in vivo have been retained, and functional responses both to vasoactive agonists and growth factors have been pharmacologically documented. By analogy, in vitro studies with aortic rings may provide a meaningful vascular preparation to study changes in gene expression that occur in vivo under pathophysiological conditions.
